Three-dimensional compositional heterogeneities in sodium layered cathode materials were demonstrated to achieve good battery performance and exhibit depth-dependent charge compensation and metal migration. 
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Empowering Multicomponent Cathode Materials for Sodium Ion Batteries by Exploring
Broader Context
Sodium ion batteries hold the potential to revolutionize the field of energy storage by enabling cheap and abundant layered transition metal oxide cathodes. However, high energy cathode materials must be designed to reduce the performance gap between sodium ion batteries and commercial lithium ion batteries. Multicomponent cathode materials with homogeneous distribution of transition metal ions has been the acclaimed way of synthesizing layered cathodes for alkali metal ion batteries. Instead of following the traditional route, this study focuses on developing three dimensional heterogeneous distribution of transition metal ions to promote high performance sodium layered cathodes. Three dimensional heterogeneity was manifested to improve the cycle life and specific capacity of Na 0.9 Cu 0.2 Fe 0. 28 Mn 0.52 O 2 . We investigated the chemical environment of the material as a function of depth and state of charge. We further investigated the pathway of capacity fading and found that Mn segregation to the surface of particles might account for the capacity fading upon prolonged cycling. Thus, our study provides insight into the effect of transition meal heterogeneity in the performance of cathode materials as well as enlightens a path towards further stabilizing Mn based layered oxide materials.
Introduction
Electrochemical energy storage technologies are revolutionizing the way that our society generates and consumes energy, particularly in the area of clean and renewable energy. The infinite variety of storage demands necessitate a range of battery chemistries that can target the specific performance criteria of each application. For example, grid energy storage and electric vehicles call for different battery solutions although they both require high energy/power density, low cost, long cycle life and excellent safety 1 . Grid energy storage would require much cheaper battery chemistries that are capable of levelling peak load and adjusting intermittency of renewable energy resources [2] [3] [4] , whereas electric vehicles would require the ones that can deliver a good accelerating power and a long cruising distance 5 . Sodium ion batteries and lithium ion batteries are considered excellent batteries of choice for grid energy storage 4 and electric vehicles 6 , respectively. The design of these batteries can follow the dual-intercalating rocking chair configuration, and importantly, layered oxides are considered one of the most promising cathode materials for both families of batteries 4, 7, 8 . In fact, the advancement of sodium and lithium layered cathodes have synergistically promoted each other, since the synergistic design of materials is possible due to their similar local coordination chemistry 4, [7] [8] [9] [10] . However, there are major differences between these two chemistries. More options of stoichiometry and transition metals (TMs) are available for sodium layered cathodes compared to those for the lithium counterparts 3, [11] [12] [13] , including flexibility in the type of intercalating ion 14 . Furthermore, sodium layered cathodes exhibit distinct voltage profiles, such as multiple voltage plateaus, due to the larger Na + ionic size and charge ordered configuration in sodium layered oxides [15] [16] [17] [18] [19] which result in suppressed specific capacity and low rate capability 20 . These unique characteristics of sodium layered cathodes open up enormous opportunities for studying the fundamental processes of alkali metal ions interacting with layered oxide materials as well as for improving sodium ion batteries for practical applications.
Universal to many battery chemistries, interfacial reactions between a layered oxide cathode and electrolytic solution impact cathode electrochemical properties thus influencing the overall performance of a battery. Typical interfacial reactions include but not limited to generation of cathode-electrolyte interphases (CEIs) 21, 22 , electrolyte decomposition [23] [24] [25] , and surface reconstruction of cathode particles 26, 27 . These reactions, along with other factors such as 41 and selective metal segregation 37 . We conjecture that an equivalent approach for sodium layered cathode materials can potentially generate new insights into developing highenergy and long-life sodium ion batteries.
In this study, we adopted a simple approach to synthesize Na 0. 39, 42, 43 . We also probed the degradation mechanism of these materials and discovered that inhibiting metal migration is critical for achieving stable cathodes. We anticipate that the present study can enlighten the path towards designing compositional heterogeneities for high-energy and long-life sodium ion batteries.
Experimental Methods
2.1.Material synthesis
Precursors of Na 0. Chemical desodiation was performed on CFM-Cu to mimic the deintercalation of Na 
2.2.Materials Characterization
The morphology of the materials was evaluated by scanning electron microscopy (FEI Torr) in a single load at room temperature using total electron yield (TEY), where the sample drain current was collected. All spectra were normalized by the current from freshly evaporated gold on a fine grid positioned upstream of the main chamber. XAS samples were mounted on an aluminum sample holder with double-sided carbon tape in an Ar-filled glovebox, and transferred to the load-lock chamber in a double-contained container, using a glove bag purged with argon for the transfer. Hard XAS measurements (Cu and Mn K-edge XAS) were performed in transmission mode using a Si (220) 
2.3.Electrochemical Characterization
Composite cathodes were prepared by thoroughly mixing a slurry of active powder (80 wt%), carbon black (15 wt%), polyvinylidene fluoride (PVDF, 5%) and 1-methyl pyrrolidone (NMP)
solvent and casting the slurry onto carbon-coated aluminum foils. The coated aluminum foils were then dried in a vacuum oven at 120 °C overnight and stored in an argon-filled glovebox (H 2 O<0.5 ppm, O 2 <0.5 ppm). Hard carbon material was supplied by an independent supplier. A slurry was prepared with 90% hard carbon, 5% PVDF binder and 5% carbon black and casted into a carbon coated aluminum foil. The coated foil was then dried in vacuum oven overnight at 120°C. The pre-sodiation of the hard carbon anode was performed using Na metal anode at 100 µAh rate for 60 hours. CR2032 coin cells were assembled using Whatman glass fibers as the separator, pure Na foil (Alfa Aesar) as the anode and a saturated solution (~ 0.56M) of NaPF 6 in propylene carbonate (PC) as the electrolytic solution. The full cell with bare hard carbon used 1:1 weight ratio of EC DEC and 1M NaClO 4 as the salt. The pre-sodiated hard carbon still used saturated solution of NaPF 6 (0.56M) with PC as the electrolyte. The performance of coin cells was measured using a Wuhan Land Battery Testing System at room temperature. The charge and discharge rate were set based on 100 mAh/g as the base capacity (1C current density is 100 mA/g-active material). All the electrochemical data including specific capacity and middle voltage were processed through the LANDdt software. Middle voltage is defined at the voltage where half of the discharge capacity is obtained. The middle voltage analysis enables monitoring the growing cell impedance due to side reactions during electrochemical cycling. The electrodes were removed from coin cells, rinsed with dimethyl carbonate and dried in an argon-filled glovebox for synchrotron X-ray studies. The electrodes were sealed under argon and then transferred to the synchrotron beamlines using a homemade system to prevent exposure to air and moisture.
2.4.Computational details
We have performed first-principles plane-wave pseudopotential calculations based on densityfunctional theory (DFT), as implemented in Quantum Espresso simulation package 48 , for Na-ion battery materials. The calculations made use of the spin-dependent generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE) 49 , including Hubbard-U corrections following the formalism developed by Dudarev et al. 50 . The ultra-soft pseudopotential 51 with energy cutoff of 650 eV and 2x2x1 supercell with a 6x6x2 Γ-centered k-point mesh for Brillouin zone were used in our calculation. and a large number of cation arrangements have been considered by using the enumeration method by Hart et al 52, 53 . The unit cell and atomic positions of all structures in the Na-ion battery materials were optimized until the atomic forces were less than 0.025eV/Å. Because the sodium layered cathode material studied in this work shows significant heterogeneity, it is difficult to model heterogeneity with a moderate size of supercell. The chosen size of 2x2x1 supercell with certain atom ratio (although slightly different from nominal composition of samples) is more likely to show the electronic properties of supercell with homogeneity in long-range scale (e.g., supercell is repeating in large scale), but at the same time with short-range local feature of heterogeneity within the supercell (namely, non-equilibrium sites for transition metals).
The optimized crystal structure is presented in Figure S14a and corresponding desodiation 
Result and Discussion
Physicochemical Characterization of Pristine Materials
Instead of synthesizing layered transition metal oxides as one single solid solution, adopting a synthesis method that introduces heterogeneity in the distribution of transition metals may provide a new avenue for tuning the electrochemical performance of layered oxide cathodes for alkali ion batteries 41, 55 . CFM-Cu was chosen to study how the heterogeneity plays roles in the electrochemistry and interfacial phenomena of transition metal oxide cathodes. (Table S1 ). The heterogeneous nature of these materials was evident from the XRD patterns. The XRD pattern of CFM-Cu revealed that it was not a single phase material, rather a mixture of an O3 phase and a P3 phase (Figure 1) . Similar type of XRD pattern was also observed for CFM-Fe and CFM-H whereas CFM-Mn is mostly O3 phase ( Figure S1) . The Rietveld refinement was not performed due to the fact that any lattice model would fail to account for the heterogeneous (Figures 2 and 3 discussed later) . Nevertheless, the peaks were assigned to different crystallographic planes based on previous reports 43, 56 .
The agglomeration of the submicron-sized CFM-Cu primary particles did not result in secondary particles of well-defined morphology. The secondary particles were mostly random shaped (Figure 1b) . In contrast, other three materials differed greatly in morphology from CFMCu ( Figures S2, S3 and S4) . We then quantified the 3D compositional heterogeneity for the pristine CFM-Cu powder using transmission X-ray microscopy (TXM) (Figure 2 ). The representative slices through the 3D volume of the secondary particle are shown in Figures 2b-d . All of the TMs were present at the individual secondary particle level, but their distributions were not identical. Subsequently, we quantified elemental associations for individual voxels throughout the secondary particle by performing a correlation analysis of the absorption coefficient as a function of the X-ray energies (above and below the K-edges of all the three transition metal elements, see Experimental CFM-Cu vs Na + /Na at C/10 and 1C rates for CFM-Cu, and (e) rate capability of CFM-Cu at different C rates, where symmetric charging and discharging rates were applied.
Electrochemical Performance Evaluation
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We studied the electrochemical performance of CFM-Cu to provide evidence that compositional heterogeneity can potentially offer a choice of designing cathode materials with good electrochemical performance. The cells containing CFM-Cu delivered initial specific discharge capacities of 125 mAh/g at C/10 and 75 mAh/g at 1C in the voltage range of 2-4V vs Na + /Na (Figure 4a) . These specific capacities are superior or comparable to those reported for materials with similar transition metal system 43, 60, 61 . The cells with CFM-Cu also delivered stable cycling with almost zero capacity fading after 100 cycles at C/10 and only negligible capacity fading after 200 cycles at 1C (Figure 4b) . It is rarely reported for a material which does not undergo any significant capacity fading after so many cycles at a slow charging/discharging rate such as C/10. Cells with CFM-Fe, CMF-Mn and CFM-H all had reasonably good electrochemical performance but were slightly inferior to that of CFM-Cu in terms of specific discharge capacity and cycle life (Figures S7-S9 Low first-cycle Coulombic efficiency is one of the characteristics of O3 type layered oxide cathodes 62 . However, the first-cycle Coulombic efficiency of CFM-Cu was impressively 99.3% at C/10. We hypothesize that the reason lies mostly in the biphasic nature of the material.
CFM-Cu is a mixture of both O and P phases, where the first cycle Coulombic efficiency is low for O3 type materials but it is usually high for P type materials 63 . Thus we achieved synergetic effects in the biphasic CFM-Cu material for a high first-cycle Coulombic efficiency. This may help maintain sodium inventory in practical sodium ion batteries.
The cells containing CFM-Cu delivered a high discharge energy of 370 Wh/kg at C/10 and 220 Wh/kg at 1C (Figure 4c) . The initial discharge energy at C/10 provided by CFM-Fe, CFM-Mn and CFM-H were around 290 Wh/kg, 240 Wh/kg and 300 Wh/kg, respectively (Figures S7b-S9b) . The specific energy delivered by these three materials at 1C was lowered to Figure 4a ). Similar voltage plateau has previously been reported in the literature. 15, 64 . However, we suspect that in this low voltage region (2.0-2.3V), kinetically driven processes play a dominant role. Slower charge/discharge rate like C/10 supports these processes. Hence, the capacity gain at the lower voltage at C/10 was significantly larger than that at 1C. Nevertheless, when the battery is discharged to lower than 2V at 1C, the low voltage plateau is further extended and the discharge capacity almost catches up with that of C/10 ( Figure S6 ), thus further supporting our hypothesis.
Subsequently, we investigated the rate capability of the CFM-Cu material (Figure 4e) , where we used identical charging and discharging rates at each given rate. At C/10, the initial specific discharge capacity was 127 mAh/g, whereas 76.2 mAh/g was delivered at 1C. The drop in the specific capacity between these two charging/discharging rates was 40%. Even though the drop was somewhat high, the capacity retention after full cycling at all C rates was impressive.
Instead of losing capacity after full cycling, it increased slightly. The material delivered a specific capacity of 129 mAh/g at the very last cycle which indicates a capacity retention of 101.6%. This result illustrates the excellent rate capability of the material and implies that the material is capable of effectively handling different charging/discharging rates under practical conditions.
In order to provide further evidence of the practical applicability of CFM-Cu, we fabricated a full cell with the as prepared cathode material, using bare hard carbon and presodiated hard carbon anodes. Pre-sodiation of hard carbon is usually done in order to account for the low first cycle Coulombic efficiency observed in bare hard carbon anodes [65] [66] [67] . The cycling performance of the material at 1C rate in terms of discharge capacity, discharge energy and middle voltage were evaluated for both full cells and is presented in Figure S10 . Using the bare hard carbon, CFM-Cu in a full cell delivered 63 mAh/g initial capacity at 1C rate. The middle voltage and energy density derived from the material were about 3.1 V and 193 Wh/kg respectively. While the full cell with the pre-sodiated hard carbon delivered performance close to that of a Na half-cell. The material in such a full cell could deliver a discharge capacity of 71mAh/g, a middle voltage of 3.2-3.3V and an energy density of 220 Wh/kg. This implies that with the advent of better anode materials, the potential of a cathode material in a full-cell can be completely realized. In summary, the heterogeneous CFM-Cu material can deliver reasonably high battery performance, implying that a homogeneous chemical distribution may not be crucial for achieving high performance cathode materials. The surface of cathode particles has distinct chemical environments compared to the bulk, leading to drastically different charge compensation mechanism in alkali metal ion oxide cathode materials, i.e., depth-dependent charge compensation mechanism 57, 68 . On the other hand, such mechanism also results in depth-dependent fading processes in cathode materials. For
Depth Dependent Chemical Evolution
example, the surface undergoes structural transformation 27 and the bulk undergoes extensive cation mixing 69 . Here we applied a combination of soft XAS, hard XAS, XRS and TXM to probe the depth-dependent charge compensation and fading mechanism for the heterogeneous CFM-Cu material at various states of charge and after prolonged cycling.
Surface sensitive soft XAS was used to investigate the evolution of TM oxidation states at different states of charge. At the top surface probed by the TEY mode, Cu remained relatively unchanged during charging and discharging processes (Figure 5a and Figure S11a) , maintaining its +2 oxidation state 70 . Fe in the surface region was predominantly in Fe 3+ oxidation state 71 , during both charge and discharge (Figure 5b and Figure S11b) . Admittedly, we are aware that the differentiation of Fe 3+ from Fe 4+ using Fe L-edge soft XAS is challenging. The challenge is amplified by the fact that the Fe L-edge spectrum overlaps significantly with that of (Figure 6a) . On the way to discharge, the spectrum shifted to the lower energy side indicating reduction ( Figure S12a) . Fe K-edge spectrum also showed a shift to the higher energy side during the charging process (Figure 6b ) and a corresponding shift to the lower energy side during the discharge process ( Figure S12b) . However, in case of Mn K-edge spectrum, no observable shift was monitored during either the charge (Figure 6c ) or the discharge ( Figure   S12c ), thus reflecting the electrochemically inactive nature of Mn 4+ in the bulk. It should be noted that Mn was redox active at the surface (Figure 5c ), but the contribution from the surface was too trivial to create any observable change in the Mn K-edge XAS. In contrast, according to our DFT computational study, in a compositionally homogeneous material, all three transition metals are expected to exhibit redox activity ( Figure S14c) . Thus, the comparison reveals that compositional heterogeneity can influence the charge compensation mechanism of multicomponent materials.
Considering the fact that, in the theoretical model, the repeating unit is supercell, in longrange scale, it shows homogeneity, see for example, element-averaged charge transfers of Cu, Fe,
and Mn with reduction of Na composition ( Figure S14c) . However, within a supercell, the sites for transition metals even with the same element are not equilibrium, it is highly possible to show short-range heterogeneity due to the localization of d orbitals and local feature of coordination with the changes of Na composition, as shown in differences of local charge transfer of transition metal ( Figure S15 ) and the shift of band edge of transition metals in conduction band (Figure S16, S17) . If the supercell is enlarged, the local feature of short-range heterogeneity will be more significant. Therefore, although our DFT calculations are utilizing a relative small supercell, it clearly shows the long-range homogeneity, but also shows local feature of short-range heterogeneity. For the case of remarkable heterogeneity of nanoparticles as shown in experiments, the significant electronic heterogeneity is thus expected. That may shed some light on the electronic origin of electrochemical performance of nanoparticles with high heterogeneity. X-ray Raman spectroscopy (XRS) was performed on different chemically desodiated states of CFM-Cu to understand the chemical evolution of TM3d-O2p bond in the bulk of the particle during Na deintercalation. During chemical desodiation, the removal of sodium and change in oxidation states of the transition metals happen in a similar way as in electrochemical desodiation. Figure 7 shows the O K-edge spectra of pristine, 50% desodiated and 75% desodiated CFM-Cu. The strength of TM3d-O2p hybridization was significantly more intense in the bulk (Figure 7 ) compared to the surface (Figure 1c) in the pristine powder, indicating different oxygen chemical environment from the surface to the bulk. The spectra clearly show a gradual change in the pre-edge peak intensity of O K-edge, indicating a dynamic electronic rearrangement in the TM3d-O2p hybridization in the bulk of the material upon sodium deintercalation. At higher desodiation level, the intensity of the TM3d-O2p peak increased. Soft XAS of CFM-Cu at different states of charge provided evidence of oxygen being active at the surface of the particles, dictating cathode-electrolyte interfacial reactions (Figure 5d ). The XRS gave verification that oxygen was not only active at the surface but also in the bulk of the particles of CFM-Cu. We believe that the oxygen activity in the bulk was attributed to the TM3d-O2p hybridization in the present case. In summary, the combination of soft XAS, hard XAS and XRS revealed the different chemical environments between the surface and the bulk of CFM-Cu particles. Cu and Fe in the bulk were responsible for charge compensation and discharge capacity whereas Mn dominated the surface processes. Meanwhile, the strength of hybridization of TM3d-O2p got stronger from the surface to the bulk.
Phase Segregation and Transition Metal Migration
Thus far, we have demonstrated that the heterogeneous nature of CFM-Cu resulted in good electrochemical performance and showed depth-dependent charge compensation mechanism. However, this material still inevitably suffered from capacity fading upon prolonged cycling (>400 cycles). TXM analysis was performed on the material after 400 cycles at 1C rate to elucidate the failure mechanism and to enlighten a pathway for further stabilizing CFM-Cu. Unlike pristine powder, Figure 9a shows that the surface of the particle was mostly populated with Mn only association (compare Figure 3a with Figure 9a ). The subsequent decrease in three metal association (Cu-Fe-Mn) bring to light the probable phase segregation in the material.
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Thus, the failure mechanism in CFM-Cu is likely related to Mn segregation from Cu-Fe-Mn association and its consequential deposition and reduction at the surface of cathode particles, which is consistent with the observation of soft XAS, hard XAS and XRS. Similar metal segregation was reported by some of our coauthors on lithium/manganese rich NMC materials 73 .
Therefore, these results collectively provide compelling evidence that stabilizing the material against phase segregation and elemental migration on long term cycling could be a path towards more stable sodium layered cathode materials.
Conclusion
A homogeneous or defined distribution of transition metal cations has been considered the rule of thumb for developing high performance multicomponent cathode materials in alkali metal ion batteries. Counterintuitively, we reported a good performing sodium layered cathode material resulting from a highly heterogeneous 3D elemental distribution. The material investigated (CFM-Cu) had almost no capacity fading at C/10 after 100 cycles and only negligible capacity fading at 1C after 200 cycles. We thoroughly studied the dynamic chemical environments of the transition metals and oxygen anions as a function of depth upon charging and discharging, and discovered that the heterogeneity in transition metal distribution also led to depth-dependent charge compensation mechanism in the material. Depth-dependent charge compensation was evident from the disparity in redox activity of transition metals from the surface to the bulk. Mn mostly dictated the cathode-electrolyte interfacial reactions while Cu and Fe contributed to the overall charge compensation process of the material in the bulk. In addition, our combined experimental and theoretical studies also revealed that compositional heterogeneity can influence the charge compensation mechanism of multicomponent materials. Finally, we further evaluated the fading mechanism of the material and found that Mn segregation to the surface of particles was possibly responsible for capacity fading upon prolonged cycling. Therefore, our work not only demonstrated the effect of compositional heterogeneity on developing stable layered transition metal oxide cathodes but also provided a direction to further stabilize Mn-containing sodium layered cathode materials. 
